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Abstract 
A creep-fatigue crack growth rate interpretation method and algorithm and test results are described. The algorithm allows to 
obtain a crack growth rate diagram in terms of creep stress intensity factor. The proposed algorithm is realized on steel compact 
tension specimens (12Х1MF).  
Crack growth rate was determined on standard compact specimens under temperature 550°C. The waveforms for the loading and 
unloading portions were trapezoidal, and the loading/unloading times were held constant – 5 s. A hold time of predetermined 
duration, 60 s, was superimposed on the trapezoidal waveforms at maximum load. The potential drop and the unloading 
compliance methods were used to monitor crack length during the creep–fatigue tests.  
For the experimental crack paths in tested specimens the governing parameter for the 3D-fields of the stresses and strains at the 
crack tip in the form of In-integral was calculated by finite element analysis along crack front. The governing parameter of the 
stress-strain fields in form of In-integral was used as the foundation of the creep stress intensity factor. The creep stress intensity 
factor approach was applied to the fatigue crack growth. The numerical and experimental results demonstrated that Kcr is the 
most effective crack tip parameter in correlating the creep–fatigue crack growth rates in power plant materials and can be used 
reliably for practical purposes. 
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1. Introduction 
The majority of power engineering objects work in high-temperature conditions. It causes a demand to consider 
creep properties of materials. Residual life of loaded details of power engineering objects usually depended on the 
amount of launchings. In durability studies a single loading cycle is often taken from a start moment to reaching of a 
nominal output mode. High temperature and cyclic loading conditions lead to cracks initiation in stress concentration 
points. In literature a lot of attention is paid to the processes which are taking place during the cracks’ growth due to 
action of fatigue loads. Also, a lot of attention is paid to studies of creep properties under monotonic static loading. 
Recently, special attention is paid to creep-fatigue interaction [1]. Procedure of the crack growth characteristics 
determination at the creep-fatigue interaction in the international standards can be found [2]. However, the post-
processing methods are described in the above standard [2], are not sufficient to describe such phenomena as 
difference of a crack growth rate along curvilinear front. In addition, some of equations presented in these standard 
lead to erroneous results. In the present study, the creep–fatigue crack growth rate methodology is extended for the 
curvilinear through-thickness crack case, and an analysis method is proposed that does not require simplifying 
assumptions regarding the crack geometry and the value for the governing parameter of creep stress–strain field in 
the specified test specimen configuration. 
2. Algorithm for crack growth resistance characteristics determination under creep-fatigue interaction 
Our primary interest is to obtain an accurate description for the creep–fatigue crack growth rate on the base of 
nonlinear fracture mechanics parameters. In the past characterization of growth rates have been attempted in terms 
of stress intensity factor (SIF), the reference stress, crack opening displacement and creep fracture mechanics 
parameter C-integral. Various aspects of the characterization of creep crack growth have been reviewed in [1]. It is 
well known that at high temperature can be realized several mechanisms of deformation and failure in 
polycrystalline materials including diffusion, coupled diffusion and power-law creep and separate power-law creep. 
According to Hutchinson’s opinion [11], grain boundary cavitation is one of the primary mechanisms which is 
accompanied by voids nucleation, coalescence and growth. In the case of uniform the density of cavitating facets in 
the region of concern near the crack tip, the material meets the conditions required for application of the C-integral 
to the macroscopic crack problem.  
Fig.1 shows the algorithm of the creep-fatigue crack growth resistance characteristics determination for materials 
with secondary creep dominates and deformation behavior is described by the Norton elastic-nonlinear viscous 
constitutive relation. The proposed algorithm consists of three main parts: experiment, numerical calculations and 
postprocessing. The subject for both the experimental studies and the numerical analyses are compact tension 
specimens, which are most frequently used for characterizing creep crack growth rate. The proposed method is 
based on the concept of a creep stress intensity factor (CSIF) introduced by authors [3]. According to the authors 
[3], CSIF can be used as a generalized parameter for fracture resistance characteristic determination for creep and 
creep-fatigue interaction. This algorithm allows to determine the characteristics of a crack growth rate equation in 
terms of the creep stress intensity factor. In a simplest case these are is exponential equation constants which 
describe the linear segment of the crack growth rate diagram in log-log scale. In addition, the proposed CSIF is free 
from the limitation of two-parameter fracture criterions and it takes into account the in-plane and out-of-plane 
constraint effects near the crack tip.  
3. Theoretical background 
The Hoff analogy [4] is used for CSIF determination method described in [3]. A substitution of strains and 
displacements to their rates gives us a possibility to signify energy supplied to a crack tip in terms of C(t)-integral 
which is similar to Hutchinson-Rice-Rosengren solution [5-9]. 
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Fig.1. Creep-fatigue crack growth resistance characteristics determination algorithm 
 
 
where )(* tW  is a rate of energy per unit of volume, Г  is a closed contour at the crack tip, ds  is a increment 
along the contour path, Т  is a normal vector to the contour,  u  is a displacements rate, zyx ,,  are Cartesian 
coordinates. 
For the second creep stage the behavior of the material is described by Norton equation: 
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where E  is a Young's modulus, 0V  is a reference stress, 0H  is a strain rate at the reference stress, B  is an 
amplitude factor, n  is a exponent factor. In this case, the first term of the asymptotic expansion for creep conditions 
can be present as: 
 
32   V.N. Shlyannikov et al. /  Procedia Engineering  160 ( 2016 )  29 – 36 
 11
00
1
)(
)(

¸¸¹
·
¨¨©
§ 
n
n LI
tC
tA HV   (3) 
 
where nI  is a governing parameter of stress-strain fields, which depends on material properties, loading 
conditions and geometry of a cracked body, L  is a crack characteristic length. For steady creep the equation (3), 
with taking into account (2) can be presented as [3]: 
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In this equation the governing parameter of stress-strain fields can be obtained by numerical methods: 
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where eV~  is a dimensionless equivalent stress intensity,  T,r  are coordinates in polar coordinate system 
centered at a crack tip, iu~  is a dimensionless displacement rates. 
According [2], the )(tC -integral for the standard compact tension specimens: 
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P  is a applied load, cV  is a crack opening displacement rate at the load line, b  is a specimen thickness, W  is a 
length of the working area of the specimen, a  is a crack length, f  is a correction function, ht  is a hold time on 
each load cycle. 
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It should be noted that the equation for  ff /'  determination presented in [2] leads to erroneous results. 
Therefore, an approximate method to calculate derivatives was used. The final equation for the creep stress intensity 
factor can be expressed as [3]: 
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Thus, it’s necessary to know the dependencies between a crack opening displacement rate )( hc tfV    and a 
crack length )( htfa   via creep time to calculate all the required parameters. These dependencies give a 
possibility to determinate a governing parameter in the form of In-integral by numerical methods. It allows to obtain 
a crack growth rate diagram in terms of creep stress intensity factor. 
4. Experimental procedure and numerical calculations 
Verification of the proposed algorithm was realized on the UTS-110MH-5-0U test system with a high-
temperature oven and a high-precision crack opening displacement extensometer (Fig.2). 
 
 
 
Fig.2. Test equipment 
 
The specimen configuration chosen for the creep–fatigue test is a standard compact type, C(T) specimen. In 
general, the dimensions chosen are as recommended by the ASTM test standard (Fig.3a). The size of the working 
area is 50 W  mm, specimen thickness is 5.12 b  mm. 
The waveforms for the loading and unloading portions were trapezoidal, and the loading/unloading times were 
held constant (5 s rise and decay times). A hold time of predetermined duration, 60 s, was superimposed on the 
trapezoidal waveforms at maximum load, as shown in Fig. 3b. The tests were carried out at 5500C with a load ratio, 
R, of 0.1. Two times during the total creep–fatigue life was the test was stopped, and the C(T) specimen cooled to 
room temperature; then the specimen was again subjected to creep–fatigue loading at 5500C. This practice helped to 
determine the intermediate crack front positions during the creep–fatigue loading between the initial (pre-crack) and 
the final crack fronts. After total failure of the specimen, measurements of the crack sizes were taken for four 
positions of the crack front by means of an optical microscope. In addition to the unloading compliance method a 
potential drop method were used to monitor crack length during the creep-fatigue tests. It was assumed that the 
relationship between the potential drop and the crack length is linear. The average crack length was calculated 
according to: 
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where 0a  is an initial crack length, 0U  is an initial potential drop, fa , fU  is a final crack length and potential 
drop respectively. 
Dependences between a crack opening displacement rate and a crack length via number of cycles are 
experimentally obtained. The next stage of the proposed algorithm is an In-parameter determination for all crack 
front points depending of creep time. 
To confront the theoretical aspects relevant to the experiments, finite element analysis was used to determine a 
governing parameter In for a power-law creep material constitutive relationship. The FE modeling and stress-strain 
state analysis were realized using the commercial code ANSYS [10]. For stress-strain fields and governing 
parameter nI  calculation a finite element models of compact tension specimen was created (Fig.4). The twenty-
node quadrilateral brick isoparametric three-dimensional solid elements were used for the specimen model. In order 
to ensure the convergence of numerical results the element model has a significant mesh concentration near a crack 
front. 
Each of the FE-meshes contains about 240,000 nodes. To ensure the convergence results a minimum distance 
between nodes is 5min 106.1
 l  mm. 
 
 
a)      b) 
 
Fig.3. Specimen geometry (a) and creep–fatigue cycle shape (b) 
 
 
Fig.4. Finite element model 
 
As was noted earlier the crack front markers were applied to every experimental specimen. These markers were 
used for determine a relationship between In-integral and creep time.  
For displacement rates field calculation three numerical solutions is conducted for each point of dependencies In-
Integral via relative crack length. For each of the experimental crack front positions numerical calculations for 
experimentally determined creep time, and two additional were performed. Two additional solutions with time 
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incriments (± 5 hours) to obtain a displacement rates is needed. For each point of the specified contour near a crack 
tip the dependencies of displacements via creep time were obtained from numerical calculations. Further, these 
dependencies were approximated by polynomials of the second order. The displacement rates were defined as a first 
derivative of the obtained curves. It’s gives an opportunity to establish a history of In-integral changing along crack 
front during the experiment for each specimen. 
5. Results and discussions 
The proposed algorithm is implemented on compact specimens cut from a steel (12Х1MF) pipe bend. Test results 
for different cutting directions and different values of the applied load are presented in this section. Experimental 
load for the specimens cuted out in a longitudinal direction is 8 kN, in a transverse direction is 7 kN. Dependences 
of the potential drop and crack opening displacements during the hold time on each test cycle via summary time are 
presented at Fig.5. On the basis of crack front markers the In-integral distributions were obtained numerically (Fig. 
6). 
 
a)     b) 
Fig.5. Potential drop on crack edges (a) and force-line displacement rate vs creep time (b)  
 
 
Fig.6. In-factor behavior as a function of relative crack length 
(1 – L-direction, specimen surface; 2 – L-direction, mid-section; 
3 – T-direction, specimen surface; 4 – T-direction, mid-section) 
 
Knowing trends of changing of all parameters in the equation (9) we can create a crack growth rate diagram in 
terms of a creep stress intensity factor (Fig.7). It is seen that the experimental data fall within a relatively narrow 
scatter band, and the dependence of the crack growth rate, da/dt, on Kcr follows a near linear trend on a log–log 
scale. Fig. 7 shows the creep–fatigue fracture diagrams of the compact tension specimens. Constraint effects is 
usually occurred through the variability of the crack growth rate along crack front. As seen from the figure 7 the 
creep stress intensity factor is sensitive to a crack growth rate variability along crack front. This cannot be achieved 
using methods known in the literature. 
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a)    b) 
Fig.7. Crack growth rate as a function of creep stress intensity factor 
(a - Longitudinal direction, b - Transverse direction) 
 
Thus the proposed method is free from the limitations of suppositions of state, plane strain or plane stress. 
Equally important, this method accounting for the in-plane and out-of-plane constraint effects is applicable for 
experimental specimens and real structural elements with through-the-thickness or part-through surface curved 
cracks. 
6. Conclusions 
Testing and results interpretation algorithm allowing to create a crack growth rate diagram in terms of the creep 
stress intensity factor was proposed. The numerical and experimental results demonstrated that Kcr is the most 
effective crack tip parameter in correlating the creep–fatigue crack growth rates in power plant materials and can be 
used reliably for practical purposes. The application of the introduced parameters through experimental study of the 
creep–fatigue crack growth rate confirms effectiveness of the proposed approach. Equally important, this method 
accounting for the in-plane and out-of-plane constraint effects is applicable for experimental specimens and real 
structural elements with through-the-thickness or part-through surface curved cracks. 
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